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In situ neutron diffraction, transmission electron microscopy (TEM) and atom
probe tomography (APT) have been used to study the early stages of bainite
transformation in a 2 mass% Si nano-bainitic steel. It was observed that carbon
redistribution between the bainitic ferrite and retained austenite at the early
stages of the bainite transformation at low isothermal holding occurred in the
following sequence: (i) formation of bainitic ferrite nuclei within carbon-
depleted regions immediately after the beginning of isothermal treatment; (ii)
carbon partitioning immediately after the formation of bainitic ferrite nuclei but
substantial carbon diffusion only after 33 min of bainite isothermal holding; (iii)
formation of the carbon-enriched remaining austenite in the vicinity of bainitic
laths at the beginning of the transformation; (iv) segregation of carbon to the
dislocations near the austenite/ferrite interface; and (v) homogeneous redis-
tribution of carbon within the remaining austenite with the progress of the
transformation and with the formation of bainitic ferrite colonies. Bainitic
ferrite nucleated at internal defects or bainite/austenite interfaces as well as at
the prior austenite grain boundary. Bainitic ferrite has been observed in the
form of an individual layer, a colony of layers and a layer with sideplates at the
early stages of transformation.
1. Introduction
The mechanism of the bainite transformation has been the
subject of great debate for many years (Aaronson et al., 1986;
Aaronson & Rigsbee, 1998; Hillert, 1994; Speer et al., 2004;
Bhadeshia, 1999; Muddle & Nie, 2002; A˚gren, 1989; Olson et
al., 1990). The controversy includes two distinct arguments: (i)
the nature of the bainitic ferrite/retained austenite interface
that can or cannot support the displacive mechanism of
bainitic ferrite growth and (ii) the role of carbon during the
bainite transformation, i.e. whether or not bainitic ferrite is
initially supersaturated with carbon and then carbon parti-
tioning takes place from the bainitic ferrite.
It has been proposed by Aaronson and co-workers
(Aaronson et al., 1986; Aaronson & Rigsbee, 1998; Hillert,
1994; Speer et al., 2004) that carbon escapes during diffusional
transformation of austenite to ferrite under equilibrium or
metastable equilibrium at the interface, i.e. supporting the
diffusional nature of the bainite transformation. Such a
mechanism is similar in character to that observed in other
plate-like ferrite morphologies (e.g. lenticular and Widman-
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sta¨tten ferrite) formed at high temperatures. The transfor-
mation kinetics of the bainitic ferrite in this case have been
explained by the effects of the alloying elements on the
bainitic ferrite/austenite interface, and the carbides were
suggested to precipitate inside the austenite or at the bainitic
ferrite/austenite interfaces (Aaronson et al., 1986; Aaronson &
Rigsbee, 1998; Hillert, 1994; Speer et al., 2004). Proponents of
the displacive mechanism for the formation of bainitic ferrite
advocate the propagation of the ferrite by lateral nucleation of
successive ferrite subunits (Bhadeshia, 1999; Muddle & Nie,
2002). A third proposed mechanism suggested that ferrite
grows with a partial supersaturation of carbon, with the
remaining carbon partitioning into austenite or forming
carbides (A˚gren, 1989; Olson et al., 1990). Regarding this
mechanism, ‘carbon trapping’ in bainitic ferrite has been
discussed in the context both of a diffusional transformation at
a high supersaturation level and, alternatively, of a coupled
‘diffusional–displacive’ mechanism (Speer et al., 2004; A˚gren,
1989; Olson et al., 1990).
The addition of high levels of Si (2 mass%) to steel, which
inhibits cementite precipitation, has enabled researchers to
investigate the formation of bainitic ferrite independently of
other transformation products, such as pearlite (Bhadeshia &
Edmonds, 1979; Tsuzaki et al., 1994; Huang & Thomas, 1997;
Bhadeshia & Edmonds, 1980). The kinetics of bainite trans-
formation have been studied by several different groups
(Bhadeshia & Edmonds, 1979; Tsuzaki et al., 1994; Huang &
Thomas, 1997; Bhadeshia & Edmonds, 1980; Oblak & Hehe-
mann, 1967; Goodenow et al., 1965; Bhadeshia &Waugh, 1982;
Seol et al., 2012; Song et al., 2013; Caballero et al., 2010b;
Timokhina et al., 2011; Caballero, Miller, Garcia-Matateo &
Cornide, 2012; Caballero, Miller, Garcia-Mateo, Cornide &
Santoﬁmia, 2012). It has been hypothesized that bainitic
ferrite consists of ferrite units, nucleated parallel to each other
to form a bainite packet (Bhadeshia & Edmonds, 1979). Each
of these ferrite units develops by the repeated nucleation of
smaller structural subunits, forming at a rate faster than
permitted by local equilibrium (Bhadeshia & Edmonds, 1979).
It was suggested that each subunit forms in a displacive
manner, where growth is limited by the loss of coherency of
the interphase boundary, requiring the nucleation of a new
subunit of ferrite (Bhadeshia & Edmonds, 1979). At a later
stage of the growth, the lateral growth (thickening) of the
bainitic ferrite plates occurs via the repeated formation of
ferrite subunits (Bhadeshia & Edmonds, 1979; Oblak &
Hehemann, 1967; Goodenow et al., 1965). The subunits form
parallel to each other, but at an angle to the main growth
direction. After the formation of the subunits the initial
supersaturation in carbon is subsequently relieved by diffusion
of carbon into austenite (Bhadeshia & Edmonds, 1979; Oblak
& Hehemann, 1967; Goodenow et al., 1965). However, it has
been reported (Bhadeshia & Waugh, 1982) that the carbon
within the bainitic ferrite does not fully partition into the
remaining austenite despite prolonged heat treatment (Seol et
al., 2012; Song et al., 2013). It was proposed that this is asso-
ciated with carbon being trapped at dislocations inside the
bainitic ferrite (Bhadeshia & Waugh, 1982). Moreover, the
formation of ﬁne carbides within the bainitic ferrite, despite
the high level of Si, which is supposed to inhibit carbide
precipitation, has also been shown by different research
groups (Caballero et al., 2010b; Timokhina et al., 2011). The
formation of carbides reduces the level of carbon available to
partition into the remaining austenite. Nevertheless, recent
publications have shown (Caballero, Miller, Garcia-Matateo
& Cornide, 2012; Caballero, Miller, Garcia-Mateo, Cornide &
Santoﬁmia, 2012) that large quantities of excess carbon still
remain in the defect-free solid solution but do not diffuse into
the retained austenite (Seol et al., 2012; Song et al., 2013). This
has been explained by bainitic ferrite tetragonality (Jang et al.,
2013; Nematollahi et al., 2013). Alternatively, our recent
research (Rakha et al., 2014) conducted by using neutron
diffraction substantiated that carbon starts partitioning from
bainitic ferrite to the retained austenite at the early stages of
bainite transformation.
The carbon diffusion and carbon content of the bainitic
ferrite and retained austenite might be determined by the
thickness of the retained austenite and bainitic ferrite and
their respective morphologies. For example, in a ﬁne retained
austenite layer it is not possible to accommodate all of the
carbon from the bainitic ferrite, and the escape of carbon from
supersaturated bainitic ferrite is initially limited by diffusion in
this phase but is later controlled by diffusion in the austenite
(Hillert et al., 1993). The effect of the morphology of the
bainitic ferrite has been studied by several groups (Timokhina
et al., 2004, Garcia-Mateo et al., 2012). It was found that
austenite ﬁlms between neighbouring subunits of bainitic
ferrite have a higher level of carbon than, for example, the
blocks of remaining austenite located between subunits of
bainitic ferrite with different orientation (Garcia-Mateo et al.,
2012). The subsequent partitioning of carbon from these
initially supersaturated bainite plates can increase the carbon
content of the entrapped austenite ﬁlms to within the range
between the T 00 value (7.0 at.%) and Ae
0
3 (20.7 at.%) (Garcia-
Mateo et al., 2012). T 00 is the temperature at which the free
energy of ferrite and the adjacent austenite are the same,
taking into account the stored energy of bainitic ferrite arising
from the displacive mechanism of transformation (Caballero
et al., 2009). Ae03 is the equilibrium austenite to bainite
transformation temperature.
Hence, probing the carbon redistribution processes that
take place during the bainite reaction, such as segregation of
the carbon to defects and carbon redistribution across hetero-
interfaces, will provide a deeper understanding of the bainite
transformation mechanism at the atomic scale (Li et al., 2011,
2012; Toji et al., 2014). The objective of the current research
thus is to improve our fundamental understanding of the
bainite reaction during the early stages of the phase trans-
formation.
2. Experimental
The development of ultraﬁne bainitic steel arose from thermo-
dynamic calculations performed by Bhadeshia and co-workers
(Bhadeshia, 2005). This led to an alloy design approach where
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ultraﬁne layers of bainitic ferrite and retained austenite were
formed through a conventional isothermal heat treatment at
relatively low temperatures (Bhadeshia, 2005). Table 1 lists
the composition of the steel used in the present work. The high
C level (0.79 mass%) and the presence of Mn and Cr promote
a low bainite transformation start temperature and increase
the stability of the austenite. Si (1.51 mass%) is used to
prevent precipitation of cementite from austenite. Co and Al
increase the free energy change on transformation of austenite
to ferrite and thus accelerate the ferrite/bainite transforma-
tion. Mo was added to reduce the embrittlement caused by
impurities such as phosphorus. The composition of this steel,
therefore, leads to a slow rate of bainite transformation at low
temperature, which enables easier study of the early stages of
the bainite transformation.
Three different advanced probing techniques have been
used in the current study, namely, in situ neutron diffraction,
transmission electron microscopy (TEM) and atom probe
tomography (APT). In situ neutron diffraction provided joint
information on the carbon content inside the retained auste-
nite as well as lattice parameters and phase fractions of the
bulk microstructure during the bainite transformation. The
APT study gave information related to the local composition
of the bainitic ferrite and retained austenite and solute
segregation to the defects in the partially transformed bainitic
samples (Bhadeshia, 2005; Seol et al., 2012). However, the
APT data have a limitation in the accessible ﬁeld of view
(Duarte et al., 2013; Marquis et al., 2012). In order to achieve a
more complete microscale characterization of partially trans-
formed samples, the neutron diffraction and APT maps were
thus supplemented by TEM (Herbig et al., 2014; Li et al.,
2014).
The material was homogenized at 1523 K for 10 h before
hot rolling, which was performed over a temperature range of
1473–1273 K. The thickness of the ingot was reduced from 40
to 10 mm through ten successive passes, followed by furnace
cooling (10 K min1).
The sample for in situ neutron diffraction was reheated to
1093 K to transform the microstructure to austenite, then
rapidly cooled (27 K s1) to the isothermal bainite trans-
formation temperature of 573 K and held for 600 min before
quenching to room temperature. The beginning of the
isothermal hold at 573 K was selected as time t = 0 for the
analysis. The experiment was performed using in situ neutron
diffraction with the high-intensity powder diffractometer
WOMBAT at the OPAL facility (Studer et al., 2006). A high-
resolution ﬂat germanium crystal monochromator, using the
335 reﬂection in symmetric Bragg geometry, was employed to
select a wavelength of 1.49 A˚ and wavenumber of 4.21 A˚1 to
cover the diffraction range of 1.4–7.9 A˚1. A detailed expla-
nation of the technique has been published by Rakha et al.
(2014). The instrument was equipped with a heating system
and a rapid quencher, designed for this study at the Bragg
Institute of ANSTO (Australia), which was capable of
attaining cooling rates above 27 K s1. The ferrite and auste-
nite peak characteristics during transformation were moni-
tored and recorded using a two-dimensional position-sensitive
detector with a time resolution of 13 s per scan. The diffraction
patterns were collapsed along the Debye–Scherrer rings to
one dimension and subsequently Rietveld ﬁtted. LaB6 was
used as the calibration substance to obtain an accurate
instrument function, which then was used to reﬁne phase
fractions, lattice parameters and the peak proﬁle parameters,
delivering coherent grain size and microstrain.
The samples for the TEM and APT studies were reheated at
1373 K for 30 min, which resulted in an austenite grain size of
60 mm. The samples were then rapidly cooled to 473 K and
held isothermally for either 360 or 720 min, with subsequent
water quenching.
TEM was performed on a Philips CM 20, operated at
200 kV. Thin foils were prepared by twin jet electropolishing
using a solution of 5% perchloric acid in methanol at 253 K
and an operating voltage of 50 V. Observations were made in
both bright and dark ﬁeld imaging modes. Orientation distri-
butions along bainitic ferrite layers were studied by selected
area electron diffraction patterns using an aperture of 1.1 mm
nominal diameter.
APT analysis was used to study the local chemical compo-
sition of the ferrite and retained austenite and the solute
redistribution across the retained austenite/bainitic ferrite
interface (Song et al., 2013; Miller, 2005). The experiment was
conducted in ultra-high vacuum (108 Pa) using the Oxford
nanoScience 3DAP at the Monash Centre for Electron
Microscopy. The pulse repetition rate was 20 kHz and the
pulse duration fraction was 0.2 with a sample temperature of
60 K. Atom probe needle specimens were prepared using the
wire-cutting method. A standard two-stage electropolishing
procedure was used to prepare the atom probe tips using 33%
nitric acid in methanol for the ﬁrst stage, followed by 2%
perchloric acid in butoxyethanol at 16 V. The PoSAP (Oxford
Nanoscience, UK) and IVAS (CAMECA, France) software
packages were used to analyse the APT data. The composition
of the phases was determined from the regions without any
coarse particles, boundaries or defects. Background noise was
subtracted and iso-concentration surfaces were used for easier
visualization of the segregation to the interface (Miller, 2005).
3. Results
3.1. In situ neutron diffraction
Representative neutron diffraction patterns obtained
during in situ heat treatment for isothermal holding times of t =
0, 33 and 600 min at 573 K are shown in Figs. 1(a)–1(c),
respectively. The scattering vector for selected Bragg peaks
enabled us to analyse the relative changes of -Fe and -Fe
peak intensities, the evolution of the peak broadening and the
shift of the peaks during bainite transformation (Fig. 1). The
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Table 1
Composition of the studied steel.
C Si Mn Al Co Cr Mo Ni Cu
mass% 0.79 1.51 1.98 1.06 1.58 0.98 0.24 0.1 0.1
at.% 3.48 2.85 1.9 2.083 1.42 1.0 0.13 0.09 0.08
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corresponding Rietveld results provided volume fraction,
lattice parameter evolution in absolute and strain units, and
microstrain from peak broadening as a function of the
isothermal bainite stage holding times as shown in Figs. 2(a)–
2(d).
At the start of the bainite transformation (t = 0), i.e. directly
after quenching from austenite, only the Bragg peaks of the
-Fe austenite phase are observed (Fig. 1a). Additional peaks
are seen in the diffratograms after 33 and 600 min of bainite
transformation (Figs. 1b and 1c), revealing the formation of
-Fe, evolving continuously. Moreover, shifting and broad-
ening of both the -austenite and the -ferrite Bragg peaks are
found after 33 and 600 min of isothermal bainite transforma-
tion time (Figs. 1b and 1c). On the basis of the Rietveld
analysis (Fig. 2), the ﬁrst signiﬁcantly reliable readings of -Fe
ferrite started at about 10 min holding time, which was chosen
as the point at which to measure the zero strain lattice para-
meter a0. Readings before that time were inﬂuenced by
neutron thermalization at the quench. Evolving lattice strains
are evaluated in terms of the parameter (a  a0)/a0, where a
denotes the actual lattice parameter at a speciﬁc observation
time, and are plotted for -Fe and -Fe in Figs. 2(b) and 2(c).
The lattice strain changes reﬂect the change of the lattice
parameters from their reference values, due to the thermal
expansion and chemical composition, leading to a Bragg peak
shift (Figs. 2b and 2c). Microstrains, visible as peak broad-
ening, are due to intergranular stresses, evolving by misﬁt
distortion caused by inhomogeneous lattice strains and phase
transformation (Fig. 2d). Hence, the peak broadening and
peak shift of -Fe and -Fe observed in Fig. 1 are related to
the lattice strain and microstrain behaviour during the
isothermal bainite transformation time, as shown in Fig. 2.
The changes in the volume fraction of the remaining
austenite (-Fe) and the volume fraction of the bainitic ferrite
(-Fe) as a function of transformation holding time are shown
in Fig. 2(a). The phase transformation seems to be sluggish at
the beginning of holding and then accelerates after 20 min and
proceeds rapidly from 30 min till 90 min, where it slows
down, approaching an asymptotic value with a phase fraction
of / = 71/29 (Fig. 2a). A comparison of the phase volume
fraction change (Fig. 2a) with the evolution of the lattice
strains (Figs. 2a, 2b and 2c) reveals that the -Fe lattice strain
as a function of isothermal bainite time (Fig. 2c) evolved in a
similar manner to the phase fractions, i.e. negligibly until
30 min, followed by a fast increase and then an asymptotic
evolution to its ﬁnal strain of 7.1  103 (Fig. 2c). In contrast,
the -Fe ferrite lattice strain rapidly increased after its
appearance at 10 min and then decreased brieﬂy at 30 min,
only to augment again, reaching its constant value of 2.4 
103 at 45 min (Fig. 2b). The volume fraction and lattice
strain behaviour as a function of isothermal bainite transfor-
mation time were then compared with the microstrain beha-
viour (Fig. 2d). The microstrain evolved in parallel to the
lattice strain, being retarded by 30 min for -Fe austenite but
changing immediately and rapidly for -Fe ferrite (Fig. 2d).
Note that the microstrains augmented quickly for both phases
to a maximum, which was the ﬁnal value for -Fe ferrite, but
the microstrain subsequently decreased slowly for -Fe
austenite (Fig. 2d).
In order to gain a deeper understanding of the neutron
diffraction data, the changes in the lattice parameters of the
phases and microstrain behaviour as a function of isothermal
bainite time will be discussed in detail. The lattice parameter
of the remaining -Fe austenite was almost unchanged from 0
to 30 min of isothermal hold, then increased rapidly from
3.625 to 3.643 A˚ at the isothermal time from 30 to 60 min,
respectively (Fig. 2c), and after that increased gradually to the
lattice parameter of 3.652 A˚ at the isothermal time of 150 min,
with a subsequent slow graduated increase to 3.654 A˚ till the
completion of bainite transformation (Fig. 2c). The lattice
parameter of the newly formed -Fe bainitic ferrite increased
steeply from 0 to 30 min of isothermal hold from 2.873 to
2.881 A˚; this was followed by a slight decrease to 2.879 A˚ and
after that a gradual increase to 2.882 A˚ from 45 min till the
completion of the bainite transformation (Fig. 2b).
The microstrain behaviour of the remaining austenite and
bainitic ferrite is shown in Fig. 2(d). The microstrain in a
lattice can be visualized as a defect-induced distribution of
unit-cell dimensions about the average lattice parameters. The
microstrain (local strain) as a function of isothermal time
research papers
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Figure 1
Diffraction patterns showing the austenite (-Fe) and ferrite (-Fe) peaks
after an isothermal holding time of (a) 0, (b) 33 and (c) 600 min at the
bainite transformation temperature of 573 K.
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reﬂected a local strain distribution between crystallites
(Fig. 2d). The average strain is an elastic lattice strain when the
local microstrain deviates from linear behaviour, i.e. the
crystallites may show a different lattice strain, and a neutron
diffraction experiment integrates over the strain distribution,
leading to peak broadening. The microstrain of -Fe ferrite
increased steeply from 0 to 5  103 from 20 to 30 min of
isothermal time (Fig. 2d), then increased gradually to 5.4 
103 till the isothermal time of 45 min and, after that,
decreased to 5.25 103 and remained unchanged till the end
of the transformation (Fig. 2d).
The -Fe microstrain behaviour as a function of isothermal
time was less straightforward. The microstrain of austenite was
relatively stable at around 1  103 till 30 min of isothermal
hold; this period of stability was followed by a rapid increase
to 5.25  103 (Fig. 2d). After an isothermal time of 50 min,
the microstrain of -Fe gradually decreased from 5.25  103
to 4.8 103 till an isothermal time of150 min, and then the
microstrain remained constant till the completion of the
transformation (Fig. 2d).
It is striking to note that, for each phase, the behaviour of
the lattice parameter and microstrain evolution was signiﬁ-
cantly different in time. While both lattice parameter and
microstrain of -Fe austenite ﬁrst evolved sluggishly until
30 min holding time, they increased dramatically when the
phase transformation rate was maximal (Figs. 2c and 2d). In
contrast, -Fe ferrite nucleated with small lattice parameter
and microstrain values (Figs. 2b and 2d), which immediately
increased to close to their ﬁnal values within the ﬁrst 30 min of
holding time. At 30 min, the maximum of the transformation
rate, the -Fe lattice strain showed a dip to smaller values.
Factors affecting the lattice parameter are the concentra-
tions of the elements and the response to the mechanical
stresses. Since the external load was zero, no lattice parameter
shifts were expected as a result of the latter, but the peak
broadening, reﬂecting the microstrain, was supposed to be due
to inter- and intragranular stresses. Therefore, the lattice
parameter and lattice strain value changes were due to the
compositional changes of the phases. Vacancies could also
affect the lattice parameter, and all of these changes are
superimposed on the thermal expansion. The latter was clearly
seen on cooling, after 600 min of holding time. The initial
glitches in the very ﬁrst few minutes were due to the
temperature stabilization time at quench.
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Figure 2
Rietveld analysis of volume fraction (a), lattice parameter evolution in absolute and strain units of -Fe ferrite (b) and -Fe austenite (c), and
microstrain from peak broadening (d) as a function of isothermal bainite time. The insets represent the peak characteristics of 200 (a) and 200 (b) at
360 and 720 min elapse of transformation.
electronic reprint
The lattice parameter changes of -austenite during trans-
formation were most likely due to the changes in carbon
content in the phase, since, as will be discussed later, the APT
did not show the segregation of other alloying elements.
Onink et al. (1993) evaluated a numerical relation based on
Vegard’s law and thermal expansion. In our case, this reveals
the increase in carbon content after completion of the
isothermal treatment to be 3.3 at.%.
The steep increase in -Fe lattice parameters and the
changes in volume fraction of ferrite as a function of
isothermal bainite time (Figs. 2a and 2b) appear to be evidence
that the ﬁrst bainitic ferrite layers were formed once the
isothermal treatment began. Presumably, the ﬁrst layers of
-Fe ferrite evolved spontaneously during the quench by a
displacive mechanism. However, it is hard to argue that the
steep increase of -Fe ferrite lattice parameter was also due to
the change in carbon concentration. If supersaturated carbon
were located on interstitial sites it would widen the lattice, and
the unit cell would then shrink upon carbon expulsion. Here,
however, we observed the opposite effect, i.e. the unit cell was
small at the beginning, when -Fe ferrite should be super-
saturated by carbon, and then increases with time, when
carbon should escape. Therefore, a new scenario must be
developed, and this will be discussed in x4.
The carbon redistribution between the -Fe and -Fe
phases during transformation was also studied by analysing
the proﬁles of the 200 and 200 peaks, i.e. the changes of the
neutron counts as a function of scattering vector, at different
isothermal temperatures (Figs. 2b and 2c). The 200 peak
shape was symmetric at the start of the transformation; with
the development of the transformation it became asymmetric
and then became symmetric again towards the completion of
the bainite transformation (Fig. 2c, two insets). The 200 peak
after 360 min of isothermal hold is shown in Fig. 2(c), left inset.
The 200 peak at 360 min is composed of two peaks of
intensity of neutron counts, of lower intensity at the lower
value of the scattering vector and of higher intensity at the
higher scattering vector magnitude. An
increase in isothermal time led to the
changes of the peak shape towards
symmetry and, ﬁnally, the 200 peak
after 600 min shows symmetry of the
peak (Fig. 2c, insets). The asymmetry of
the 200 peak at the beginning of the
transformation could be associated with
the presence of two types of the
remaining austenite with different
lattice parameters or, as we discussed
above, with different carbon content,
while the later symmetry of the auste-
nite peak with the progress of bainite
transformation is attributed to the
homogeneous redistribution of carbon
in the remaining austenite. In contrast,
the 200 peak shows symmetry
throughout the isothermal treatment
(Fig. 2b).
3.2. TEM observation after isothermal hold at 473 K for
360 min
The slow transformation kinetics due to the high Si level in
the steel and low transformation temperature of 473 K
enabled us to closely monitor different stages of bainitic
ferrite formation by TEM. As reported before (Timokhina et
al., 2011), the fully nano-bainitic microstructure at a
temperature of 473 K was formed after 10 d of isothermal
holding. The microstructure after 10 d of treatment was nano-
bainite with 21  2% of retained austenite, with an average
carbon content of 1.3 2 mass% (Timokhina et al., 2011). The
dominant bainite morphology was lamellar bainite consisting
of nanolayers of bainitic ferrite with an average thickness of
60  10 nm and nano-layers of retained austenite with an
average thickness of 30  5 nm (Timokhina et al., 2011).
To monitor the beginning of the bainitic ferrite formation,
the isothermal treatments at 473 K were interrupted after 360
and 720 min holding times (Fig. 3) and the representative
microstructural features are discussed below.
The formation of only single bainitic ferrite plates growing
from the prior austenite grain boundary towards the grain
interior and surrounded by retained austenite and/or
martensite, which was formed during quenching, was observed
after 360 min (Figs. 3a and 4a). In most cases, the orientation
of the bainitic ferrite plate and adjacent retained austenite was
close to the relation [111]BF//[110]RA. The length of the plate
was in the micrometre range, while the thickness of the plate
gradually decreases from20 nm at the beginning of the plate
near the prior austenite grain boundary to 10 nm at the end
of the plate (Fig. 4a). Moreover, a tangle of dislocations were
observed around the tip of the bainitic ferrite plate, which
could be associated with the stress propagation to the matrix
during the bainitic ferrite plate growth (Fig. 4a). Most of the
bainitic ferrite plates (i.e. primary bainitic plate) were nucle-
ated at the prior austenite grain boundary and grew towards
the grain interior. However, it appeared that some of the
bainitic ferrite layers nucleated at the dislocation tangles
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Figure 3
Representative TEM images of the single bainitic ferrite plate formed after 360 min (a) and bainitic
ferrite colonies formed after 720 min (b) isothermal time at 473 K. M and BF are martensite and
bainitic ferrite, respectively.
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formed around the primary bainitic ferrite plate in the grain
interior (Fig. 4d).
Another interesting microstructural feature observed
during TEM analysis was the presence of parallel lines within
the nanolayers of bainitic ferrite, with a regular distance
between them and different contrast to the bainitic layer. The
arrows in Fig. 4(a) indicate these parallel lines. The diffraction
pattern with the zone axis of [111]BF from the area of interest
did not show extra diffraction spots, suggesting no occurrence
of twinning. Hence, it appears that this is an interface formed
at the leading tip of the bainite plate during its formation from
the remaining austenite (Fig. 4c).
The selected area electron diffraction method was used to
investigate the orientation distributions in the martensite (M)
matrix with the zone axis of [111]M along the single bainitic
ferrite layer at the positions indicated as 1, 2, 3 and 4 in
Fig. 4(a). The current approach was based on an earlier report
(Inagaki, 1990) that the inhomogeneous redistribution of
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Figure 4
Representative TEM micrographs of the microstructure formed after 360 min isothermal hold at 473 K. (a) Panoramic view of the bainitic ferrite plate;
1, 2, 3 and 4 denote the positions of the diffraction patterns shown in (b). (b) Diffraction patterns from positions 1, 2, 3 and 4; arrows indicate the rotation
of the zone axis [111]. (c) Interface in the bainitic ferrite plate indicated by arrows in (a); the inset shows the diffraction pattern from the interface (zone
axis [111]). (d) Suggested area (outlined by dashed line) of a bainitic ferrite plate nucleated at the primary bainitic ferrite plate. M is martensite, BF is
bainitic ferrite.
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dissolved carbon in the matrix
led to the inhomogeneous
redistribution of dislocations in
the matrix, which then led to an
orientation gradient in the
areas with higher and lower
dislocation densities (Onink et
al., 1993). The bainitic ferrite
layer was found to be parallel
to (110). The ﬁrst position of
the electron diffraction pattern
was at a distance of 400 nm
from the prior austenite grain
boundary, where the lath starts
growing. Points 2, 3 and 4 for
the next electron diffraction
patterns were at a distance of
600, 864 and 1099 nm from
the grain boundary, respectively (Figs. 4a and 4b). The
analysis of the diffraction patterns at points 1–4
(Fig. 4b) showed a clockwise rotation of the diffraction
pattern with respect to position 1 around the [111]M//
ND zone axis to 2, 7 and 8 for positions 2, 3 and 4,
respectively (Figs. 4a and 4b). It appeared that the
rotation of the diffraction pattern was more
pronounced with the decrease in the bainitic ferrite
layer thickness on approaching the tip of the bainitic
ferrite layer (Figs. 4a and 4b).
To complete the description of the microstructural
features in the steel after 360 min, the other
morphology of bainitic ferrite should be mentioned.
The bright ﬁeld TEM image showed a long bainitic
ferrite lath having short lateral laths with highly
misoriented habit planes (Fig. 5a), similar to a
Widmansta¨tten ferrite morphology. The dark ﬁeld
TEM image of this area revealed the presence of both
laths (Fig. 5b), suggesting that they have similar
orientation. This morphology has also been observed
frequently in the bainitic microstructure transformed
at 623 K in a similar steel composition, where the
primary bainitic ferrite laths mostly coexist with lateral
laths having close crystallographic orientations but
highly misoriented habit planes (Beladi et al., 2009). It
was suggested that the primary bainitic ferrite layer
was formed ﬁrst by a displacive mechanism, and then
there is a lateral growth in another habitus direction,
inclined by the crystallographic angle, leading to the
‘zigzag’ structure.
3.3. TEM observation after isothermal hold at 473 K
for 720 min
The microstructure after 720 min was different from
that at 360 min. Bainitic ferrite colonies, consisting of
six to nine bainitic ferrite plates of similar thickness
and orientation, were the dominant microstructural
feature (Figs. 3b and 6b). The bainitic ferrite layers
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Figure 5
Representative bright (a) and dark (b) ﬁeld TEM images of the bainitic ferrite plate, with sideplates indicated
by arrows; dark ﬁeld from (110) of bainitic ferrite (zone axis is [111]). M is martensite.
Figure 6
Representative TEM panoramic view of the bainitic ferrite colony formed after
720 min with and without retained austenite between bainitic ferrite plates (a) and
diffraction patterns (zone axis [111]) from the points denoted 1, 2, 3 and 4,
showing homogeneous orientation distributions (b). M is martensite, BF is bainitic
ferrite.
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Figure 7
Representative TEMmicrographs of the bainitic ferrite layers (BF 1, 2 and 3 are bainitic ferrite layers 1, 2 and 3, respectively) (a) and panoramic view of
bainitic ferrite packs with different orientations. The inset is the diffraction pattern from one of the packs with zone axis [111], showing the low
misorientation level of the bainitic ferrite layers.
were separated by the retained austenite ﬁlms/layers, as has
been previously described for bainite (Bhadeshia & Edmonds,
1980), or, in many cases, the bainitic ferrite plates in the
sheaves were only separated from each other by the bainitic
ferrite layers’ interface without retained austenite layers
between them. The thickness of the bainitic ferrite plates
within the sheaves varied between 50 and 200 nm. A similar
orientation distribution analysis using the diffraction pattern
technique described for the 360 min hold was carried out for
this condition. The diffraction patterns were taken in the
martensite along the bainitic ferrite packet at the positions
indicated as 1, 2, 3 and 4 in Figs. 6(a) and 6(b). The distance
between the diffraction patterns varied from 400 to 600 nm
(Fig. 6a). The bainitic ferrite packet was parallel to (110). The
zone axis for all diffraction patterns was [111]M//ND (Fig. 6b).
The analysis of the diffraction patterns showed that there is no
lattice rotation in the area along the bainitic packets. More-
over, further diffraction pattern analysis of the different areas
along the bainitic ferrite colonies did not reveal any orienta-
tion changes. This suggests that there is no pronounced
gradient in the carbon content and/or dislocation density in
the regions along the bainitic ferrite packets.
As mentioned for the 360 min condition, the nucleation of
the bainitic ferrite plate, in most cases, appeared to occur at
the austenite grain boundary. The intragranular nucleation of
bainitic ferrite has only been reported at non-metallic particles
for acicular ferrite formation (Strangwood & Bhadeshia,
1987). It has been suggested by Bhadeshia (1993) that the
initial formation of the bainitic plate must lead to appreciable
elastic and plastic strains, which was underlined by the
increase of peak broadening in our neutron scattering analysis.
However, these do not appear to cause the nucleation of other
plates with different orientations from this region. We
observed a different situation; i.e. when one of the bainitic
ferrite plates/layers nucleated at the austenite grain boundary
and grew into the grain interior propagating the stress into the
surrounding matrix, this led to the formation of the dislocation
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tangles [bainitic ferrite layer 1 in Fig. 7(a)], and two other
bainitic ferrite plates [plates 2 and 3 in Fig. 7(a)] appeared to
be nucleated at the dislocation tangles (Fig. 5a). Another
explanation of this situation could be that plates 2 and 3 grew
from a grain boundary below that crossed by the upper grain,
where plate 1 was formed (Fig. 7).
Well developed bainitic ferrite packets with different
orientations were also observed after the 720 min hold
(Fig. 7b). The bainitic ferrite packets were interwoven like a
basket, forming a ‘grid’ where the bainitic ferrite layers of one
bainitic ferrite packet could lie alternately on top of and below
the bainitic layers of another bainitic ferrite packet (Fig. 7b).
The bainitic ferrite layers within similar packets showed
similar TEM contrast and a similar orientation (Fig. 7b).
3.4. Atom probe tomography
Atomic resolution experiments using APT were utilized to
study the solute redistribution, in particular carbon, between
newly formed bainitic ferrite and retained austenite after the
360 and 720 min holds at 473 K. Bainitic ferrite and retained
austenite were identiﬁed by APT on the basis of the compo-
sitional analysis (i.e. carbon and alloying addition contents).
Compositional analysis of at least ﬁve atom maps containing
retained austenite and bainitic ferrite was carried out. Two
regions (carbon enriched and carbon depleted) were distin-
guished (Fig. 8). From the chemical composition analysis, the
area with higher average carbon content (6.2  1.3 at.%) was
identiﬁed as retained austenite (RA in Fig. 8), while the area
with lower average carbon content (0.5  0.3 at.%) was
bainitic ferrite (BF in Fig. 8). As mentioned in the Experi-
mental section, the matrix volumes in the atom maps that were
free of visible particles and clusters were used to determine
the chemical composition of the retained austenite and
bainitic ferrite. It should be noted here that, at the low testing
temperature (60 K) used for the APTexperiment, most of the
retained austenite transformed to martensite. The C atom
maps show the inhomogeneous redistribution of atoms within
the analysed values, whereas the Mn, Si and Mo redistribution
within the atom maps was homogeneous (Fig. 8). Moreover, it
could be clearly seen (Fig. 8) that the carbon content is higher
near the retained austenite/bainitic ferrite interface on the
retained austenite side of the interface. The average thickness
of the bainitic ferrite measured from the APT data appeared
to be 15  5 nm, which is consistent with the results obtained
by TEM. The retained austenite layer thickness was 30 
3 nm. However, thin ﬁlms of the retained austenite with a
thickness of 8  2 nm were also observed (Figs. 8 and 9).
The C atom maps, iso-concentration surfaces and proxi-
grams across the bainitic ferrite and retained austenite inter-
face after 360 min of hold show that the carbon content
changed near the interface (Figs. 8 and 9). This is in line with
previous observations on atomic scale carbon partitioning and
segregation trends across the bainitic ferrite/austenite inter-
face (Seol et. al., 2012; Song et al., 2013). For example, three
bainitic ferrite/retained austenite interface boundaries in the
C atom map are shown in Fig. 9(a). The proxigram across the
bainitic ferrite/retained austenite interface conﬁrmed that
there was no segregation of substitutional elements to the
retained austenite/bainitic ferrite interface. However, there
was a segregation of carbon near the interphase boundary,
within a 2–4 nm layer in the retained austenite (Fig. 9b), with a
local increase in carbon content within the austenite layer
from an average of 6 at.% up to 12 at.% near the interface.
Interestingly, the carbon content was nearly constant across
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Figure 8
Representative C, Mn, Mo and Si atom maps, showing solute
redistribution within retained austenite and bainitic ferrite. RA is
retained austenite and BF is bainitic ferrite.
Figure 9
(a) C atom map of bainitic ferrite and retained austenite and (b)
proxigram from the shaded box in (a) across the retained austenite/
bainitic ferrite interface. RA is retained austenite and BF is bainitic
ferrite.
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the bainitic ferrite laths and no presence of carbon aggregates
or clusters was observed in the freshly formed bainitic laths
after the early stages of transformation (Fig. 9b). Further
analysis of the carbon redistribution in the retained austenite
(Fig. 10a) using the atom maps with the matrix atoms
suppressed with a separation distance of 0.5 nm (Fig. 10b)
shows the inhomogeneous redistribution of carbon and its
segregation along linear features near the bainitic ferrite/
retained austenite interface on the retained austenite side of
the interface. The analysis of atom maps using the rotation of
the atom maps, the maximum separation method and
compositional proﬁles across these features veriﬁed that these
features are most likely to be dislocations decorated by
carbon, formed in the vicinity of the retained austenite/bainitic
ferrite interface (Fig. 10b). Hence, the APT data conﬁrmed an
increased dislocation density near the retained austenite/
bainitic ferrite interface on the retained austenite side and
carbon segregation at the dislocations.
Comparative analysis of the carbon redistribution in the
bainitic ferrite and retained austenite far from the interface (in
the matrix) (Figs. 10b and 10c) showed a homogenous carbon
redistribution within bainitic ferrite and local ﬂuctuations in
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Figure 10
C, Si, Mn and Mo selected atom maps (a), C atom maps with the matrix atoms suppressed, with the
maximum separation distance of 0.5 nm (b), and carbon concentration proﬁle across the retained
austenite far from the interface (c) after 360 min of isothermal hold. RA is retained austenite and
BF is bainitic ferrite.
carbon content within the retained austenite similar to what
was observed by Toji et al. (2014). The carbon compositional
proﬁle along the z direction across a retained austenite area
far from the interface revealed that the carbon concentration
gradient changes by 2 at.% from an average of 5 at.%
(Fig. 10c). The application of the maximum separation method
on several C atom maps, with the matrix atoms suppressed and
a separation distance of 0.5 nm, showed that the carbon
probably segregates to dislocations in the retained austenite.
4. Discussion
Existing views on the kinetics of the bainite transformation
and, in particular, on carbon diffusion from the bainitic ferrite
to retained austenite are contradictory. For example, Cabal-
lero et al. (2010a) showed that the partitioning of carbon
occurs immediately after the formation of the bainitic ferrite.
Alternatively, it was believed that carbon in the bainitic ferrite
is reluctant to partition into the residual austenite in high Si
steels despite prolonged heat treatment (Bhadeshia & Waugh,
1982) because carbon is trapped at the dislocations near the
bainitic ferrite/retained austenite interface. On the other hand,
it has been shown that large quantities of excess carbon still
remain in a defect-free solid solution in bainitic ferrite, with no
partitioning into austenite with greater solubility (Caballero,
Miller, Garcia-Mateo, Cornide & Santoﬁmia, 2012). In the
current study, we aim to understand the kinetics of earlier
stages of bainite transformation, in particular, the carbon
redistribution between bainitic ferrite and the remaining
austenite during the early stages of the bainite transformation.
The neutron diffraction analysis conﬁrmed (Figs. 1 and 2)
that the bainitic ferrite layers started forming immediately at
the beginning of the bainite isothermal treatment or even
during the quench from austenite, by a displacive mechanism,
keeping the carbon and the vacancies. The latter lead to the
tetragonality of the newly formed bainitic ferrite, i.e. carbon
still remained in the solid solution of the bainitic ferrite layers
without diffusing into the remaining
austenite. Immediately after formation,
the -ferrite started to equilibrate,
pushing carbon out and ﬁlling vacancies
with Fe atoms, which led to the
observed increase in the lattice para-
meter of -Fe (Fig. 2b). The lattice
parameters and microstrain of -Fe
remained unchanged before 30 min of
isothermal hold (Figs. 2c and 2d);
moreover, as observed in Fig. 2(a), the
bainite transformation accelerated after
30 min of isothermal hold, with an
increase in the volume fraction of
bainitic ferrite layers (Fig. 2a), i.e. more
‘fresh’ vacancy and carbon-rich -ferrite
layers were formed with a smaller lattice
parameter, temporarily shrinking the
overall measured lattice parameter.
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This led, on one hand, to the observed dip in -Fe and, on the
other hand, to the intensive carbon diffusion from bainitic
ferrite that increased the lattice parameters of -Fe (Fig. 2b).
As discussed in the Results section, the microstrain changes
were due to the misﬁt stresses between -Fe and -Fe phases,
starting from very small, below 103 at quench (Fig. 2d). The
sharp increase in -Fe microstrain to 5  103 was due to the
formation of new bainitic ferrite layers and to the changes in
bainitic ferrite lattice parameters that increased the misﬁt
between the phases (Fig. 2d). The load has to be balanced by
the  phase, which distributes over a large volume fraction.
Therefore, the microstrain of the remaining -Fe austenite
evolved only slightly during this time (Fig. 2d). As the trans-
formation rate maximizes, after 30 min of isothermal bainite
time, eventually -Fe bainitic ferrite becomes the majority
phase and the microstrain is distributed evenly between the
two. The relaxation in -Fe microstrain after 30 min was
coincident with the changes in phase fractions, i.e. with an
increase in volume fraction of bainitic ferrite (Figs. 2a and 2d).
The considerable increase in -Fe microstain after 30 min was
to accommodate the increase in the volume fraction of bainitic
laths, which are incoherent with the austenite matrix (Fig. 2d).
Upon longer holding times, the -Fe lattice slightly recovered,
relaxing a little microstrain. The time scale is much slower
than the transformation time and goes in hand with the
relaxation of -Fe lattice strain. Upon cooling, after 600 min,
the microstrain decreases according to the phase fractions,
showing that they stem from misﬁt stresses between the
phases.
The proﬁle analysis of the -Fe bainitic ferrite and -Fe
austenite peaks revealed the asymmetry of the austenite peak
till an isothermal time of 600 min and the symmetry of the
ferrite peaks throughout the isothermal bainite treatment
(Figs. 2a and 2b). The asymmetry and symmetry of 200 at 360
and 600 min of isothermal hold, respectively, is shown in
Fig. 2(c). It was suggested to be due to the formation of two
populations of remaining austenite, one with nominal carbon
content and one comprising carbon-enriched remaining
austenite (Fig. 11). It appeared that, when the bainitic ferrite
grows with a non-equilibrium concentration of carbon, the
carbon tends to partition into the residual austenite near the
bainitic ferrite, where it has lower chemical potential
(Bhadeshia, 1993) (Fig. 11). Hence, at the beginning of the
bainite transformation, when only a few bainitic ferrite layers
have been formed and, considering the low isothermal
temperature of bainite transformation, where the diffusion of
carbon is low, two populations of retained austenite coexist;
one with a higher carbon content in the vicinity of the newly
formed bainitic ferrite layers and the other, with a nominal
carbon content, in the areas far from the transformed bainitic
ferrite (Fig. 11). The latter is expected to have a composition
close to the primary austenite. The diffusion rate of carbon in
austenite is slower than that in ferrite, which leads to the
essential differences in the carbon content of different areas of
residual austenite. With progress of the bainite transformation
and formation of bainitic ferrite colonies, the carbon distri-
bution within the retained austenite became homogenous
(Fig. 2c), suggesting that the bainitic ferrite growth and carbon
redistribution within the retained austenite occur simulta-
neously. The symmetry of the -Fe ferrite peaks during the
isothermal treatment could be evidence of the homogeneous
redistribution of carbon within bainitic ferrite
The electron diffraction pattern technique was used to
study the site speciﬁc area of the martensite near the newly
formed bainitic ferrite. The analysis of the diffraction patterns
after a 360 min hold revealed an orientation distribution
within the martensite matrix around a newly formed single
bainitic ferrite plate (Fig. 4a), which results in a bending of the
latter. This could be associated with the inhomogenous
redistribution of carbon in the matrix and/or differences in
dislocation density along the bainitic ferrite layer. It appeared
that, when the thickness of the bainitic plate decreases from
the thicker end of the plate, which originated at a prior
austenite grain boundary, towards the thinner end at the grain
interior, the amount of carbon in the surrounding matrix also
decreases. Moreover, there was a dislocation density gradient
along the bainitic ferrite/austenite interface. This leads to
lattice rotation, shown by changes in the diffraction patterns
taken at different positions along the bainitic ferrite plate
(Fig. 4). Hence, it is proposed that (i) there is carbon diffusion
from the newly formed bainitic ferrite to the remaining
austenite and (ii) the decarburizing of the bainitic ferrite is a
relatively slow process, i.e. not a millisecond process.
On the basis of the neutron diffraction and TEM results, the
nucleation and growth of the single bainitic ferrite layer at the
beginning of the bainite transformation could be explained as
follows: the bainitic ferrite nuclei form within carbon-depleted
regions through the shear mechanism, once the isothermal
hold time goes beyond the incubation time (Kang et al., 2006,
2005; Sheng et al., 1998; Yang et al., 1993). The bainitic nucleus
size has been recently shown to be typically 150 nm in length
and 5–100 nm in width for different highly alloyed composi-
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Figure 11
Schematic representation of carbon diffusion at the beginning of bainite
transformation, when only a few bainitic ferrite layers have been formed.
BF is bainitic ferrite.
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tions (Kang et al., 2006). Our TEM study after 360 min of
bainite isothermal holding showed the thickness of the bainitic
ferrite nuclei to be between 20 and 50 nm with the length
between 100 and 150 nm, i.e. the thickness of a single bainitic
ferrite layer and the distance between parallel lines identiﬁed
as an interface formed at the leading tip of the bainitic ferrite
and remaining austenite. It appeared that our observation
conﬁrmed the model of bainitic ferrite growth, i.e. widening/
lengthening of the bainitic ferrite layer, proposed by Kang et
al. (2006), that the bainitic nucleus growth occurs once the
solute concentration of the parent austenite in the vicinity of
the bainite/austenite interface is more depleted by the diffu-
sion of solute atoms (e.g. carbon). The widening/lengthening
of the bainitic ferrite nuclei take place through the shear
transformation as soon as the solute-depleted region is
extended next to the bainitic ferrite nuclei (Kang et al., 2006).
The depletion of solute atoms enriches the adjacent regions,
progressively lowering T 00 (where T
0
0 is the temperature where
the Gibbs energies of austenite and bainitic ferrite become
equal). Once T 00 becomes lower than the isothermal holding
temperature, the widening/lengthening of the bainitic ferrite
ceases (Kang et al., 2006). Interestingly, the current results
revealed that the change in the bainitic lath width is negligible
with time (360 and 720 min) at 473 K. In addition, the nano-
bainitic layer width was close to the critical size of the bainitic
lath nuclei. This observation suggested that the nano-bainitic
transformation requires only a small degree of solute deple-
tion in the adjacent austenite to sufﬁciently reduce the T 00
temperature below the isothermal holding temperature (e.g.
473 K) once bainitic nuclei are formed.
After 720 min holding, when the bainitic ferrite colonies
had already been formed (Fig. 6a), there was no rotation of the
diffraction patterns along the bainitic packets, suggesting a
homogenous redistribution of carbon in the retained auste-
nite. It was suggested that the carbon redistribution process
and the progress of the bainite transformation occur simul-
taneously and that the time required for carbon redistribution
is comparable to that required for a subunit to complete its
growth (Bhadeshia, 1993).
APT enabled a more detailed partitioning analysis and,
hence, a better understanding of the kinetics of the bainite
transformation during the early stages of isothermal holding.
Firstly, several APT carbon maps conﬁrmed an increase in
carbon content near the retained austenite/bainitic ferrite
interface on the retained austenite side from an average of
6 at.% up to 12 at.% (Fig. 9). Moreover, on the basis of the
APT analysis, it was suggested that carbon decorates the
dislocations, i.e. carbon segregates to the dislocation tangles
formed near the retained austenite/bainitic ferrite interface
(Fig. 10). The local increase in the dislocation density of
retained austenite near the retained austenite/bainitic ferrite
interface observed by APT is in good agreement with the
TEM data, showing the strain ﬁelds around the bainitic ferrite
plate (Fig. 4). We believe that bainite is formed by displacive
transformation. The shape deformation associated with
displacive transformation of austenite can be described as an
invariant plane strain with a relatively large shear component.
The dislocation debris can be created when the shape defor-
mation is accommodated by plastic relaxation of the
surrounding austenite. The resulting dislocation debris can
resist the advance of the bainite/austenite interface (Bhade-
shia, 2004; Caballero et al., 2014; Calcagnotto et al., 2010; Chen
et al., 2013). Another strain component that could cause the
formation of the dislocation tangles in austenite near the
retained austenite/bainitic ferrite interface is that from a
volumetric misﬁt strain arising from differences in the atomic
density among the abutting phases (Moritani et al., 2002).
These assumptions were indirectly conﬁrmed by an increase in
the microstrain observed by neutron diffraction as discussed
above. The partitioning of carbon from the bainitic ferrite
plate occurred soon after the formation of the single bainitic
ferrite plate, as evident from the neutron diffraction data
observed after30 min of isothermal holding. This means that
carbon can quickly diffuse from the freshly formed bainitic
ferrite plate to favourable traps such as dislocations in the
retained austenite and build up near the interface on the
retained austenite side owing to the interface moving, raising
its stability near the interface. However, it appeared that
carbon was not mobile enough to distribute in the adjacent
austenite phase within 360 min of isothermal hold. The
changes in lattice parameters of the -Fe bainitic ferrite and of
the -Fe austenite observed in the neutron diffraction
experiments conﬁrmed this theory. Since many dislocations
were attached to the interface boundary owing to the asso-
ciated plastic deformation, fast diffusion of carbon along such
dislocations might be expected with an increase in isothermal
time so that carbon can be transported away from the inter-
face into the austenite matrix after 720 min of isothermal
holding, leading to the homogenous redistribution of carbon.
This is in agreement with the results from TEM and neutron
diffraction, showing the gradual changes in carbon content of
the retained austenite from enriched and depleted to the
retained austenite with homogenous redistribution of carbon.
The bainitic ferrite laths that formed at an early stage of the
transformation were free of any carbide aggregates/clusters,
and carbon was rather homogeneously distributed across the
bainitic laths (Fig. 8). The average carbon content of the
bainitic ferrite, calculated from the APT data, was 0.5 at.%, i.e.
much higher than the equilibrium content. This suggests that a
much higher level of carbon than expected still remained in
the defect-free solid solution of bainitic ferrite even after
720 min of isothermal holding and did not diffuse to the
remaining austenite. As mentioned above, an increase in
carbon solubility inside the bainitic ferrite was supposed to be
due to the tetragonal or slightly orthorhombic unit-cell
structure of bainitic ferrite, which has much greater solubility
for carbon than cubic ferrite under the same conditions
(Hulme-Smith et al., 2013). The high dislocation density of
bainitic ferrite observed at an early stage of transformation as
a result of the shape change strain causes plastic deformation
and could lead to further distortion of the crystal structure
towards higher tetragonality, enhancing the solubility of
carbon. Hence, the tetragonality of the bainitic ferrite could
still be considered as a reason for the large excess of carbon
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remaining in the ferrite even after a long holding time of
720 min.
The situation was different after completion of the bainite
transformation. For example, our early research on the
microstructure after isothermal treatment at 473 K for 10 d
(Timokhina et al., 2011), when a fully nano-bainitic micro-
structure formed, revealed an inhomogeneous redistribution
of carbon and formation of carbides within the bainitic ferrite.
It was suggested that this was due to dislocation annihilation
in the bainitic ferrite after long isothermal treatment. The
dislocation annihilation reduces the carbon saturation level in
the bainitic ferrite lath, leading to the rejection of carbon and
a decrease in the tetragonality of the bainitic ferrite lath. The
excess carbon would be expected to partly segregate to the
ferritic plate dislocation network or to form small carbides
(Timokhina et al., 2011). This generally suggests that carbide
formation can take place inside bainitic ferrite, even in the
presence of Si. In other words, Si may slow down the kinetics
of dislocation recovery, which would be more effective in
conventional transformation induced plasticity steels where
the bainitic transformation is completed within 10 to 30 min.
However, the prolonged nano-bainitic transformation mostly
leads to the formation of carbides/carbon clusters when the
time of transformation is long enough as a result of the
dislocation substructure recovery, hence reducing the avail-
ability of carbon traps.
Besides the ‘layer-like’ morphology of the bainitic ferrite,
the formation of short bainitic ferrite sideplates along the
primary bainitic ferrite plate (Fig. 5) was also observed by
TEM for both isothermal holding conditions. The debate on
bainite plate growth (Kong et al., 2012) encompasses the
dispute over whether or not there is a lateral growth of bainitic
ferrite plates. Kong et al. (2012) suggested that the lateral
growth of the bainitic ferrite plate is restricted by lattice-
distortion strain ﬁelds in the austenite near both sides of the
newly formed bainitic ferrite plate. The strain ﬁelds are
generated by the lattice mismatch between bainite and
austenite (Kong et al., 2012). Despite the fact that the strain
ﬁeld was also observed in the current study, the growth of
lateral plates was conﬁrmed (Fig. 5). An increase in the
isothermal holding time to 720 min and the gradual progress
of the bainitic transformation led to the formation of a bainite
morphology that is composed of two sets of bainitic laths:
primary and secondary laths, inclined at 30 to each other
(Fig. 8). Interestingly, they had very close crystallographic
orientations, though their habit planes were highly misor-
iented. A similar spatial and crystallographic arrangement was
reported elsewhere using electron backscatter diffraction
analysis for a similar steel composition by the current authors
(Beladi et al., 2009). This feature was also observed in upper
bainite transformed in the heat-affected zone of a high-
strength low-alloy steel (Lambert-Perlade et al., 2004). This
spatial and crystallographic arrangement is assumed to
somewhat accommodate the transformation strain through
controlling the plastic deformation in the austenite phase
(Beladi et al., 2009; Lambert-Perlade et al., 2004). We observed
that the bainitic ferrite layers were always separated by
retained austenite at the early stages of transformation.
However, the retained austenite might be in the form of
extremely thin layers with a thickness of 8  2 nm (Fig. 10)
(Raabe et al., 2013, 2014).
In addition, a couple of microstructural observations after
360 and 720 min isothermal bainite holding times regarding
nucleation of the bainitic ferrite layer need to be addressed
here. It appeared that the bainitic ferrite layer could nucleate
at the tip of an already existent bainitic plate (Figs. 4d and 7a).
Bainite nucleation occurs by the spontaneous dissociation of
speciﬁc dislocation defects, which are already present in the
parent austenite phase (Yang et al., 1993). The nucleus then
can develop into a bainite plate if there is a sufﬁcient driving
force available for diffusionless growth after accounting for
the stored energy arising from the transformation shape
change leading to accommodation deformation (Bhadeshia &
Waugh, 1982; Garcia-Mateo & Bhadeshia, 2004; Chang &
Bhadeshia, 1994; Stark et al., 1988). The process continues by
successive nucleation of subunits until the carbon concentra-
tion of the residual austenite reaches the value at which the
free energy of bainite becomes smaller than that of austenite
of the same composition (Garcia-Mateo & Bhadeshia, 2004).
From the current TEM results, it appears that the prior
subunits nucleated at the parent austenite grain boundary,
whereas the secondary subunits nucleated near the tips of
prior subunits, where the carbon concentration at the interface
is lower than that near the broad faces and the dislocation
density is higher.
5. Conclusions
The current work investigated key aspects of the evolution of
the nano-bainite formation at low isothermal temperature
during the early stages of the transformation in a high Si steel
using neutron diffraction, TEM and APT techniques. We
reach the following conclusions:
(1) The bainitic ferrite layers start forming immediately
after the beginning of isothermal treatment; however, changes
in lattice parameters and microstrain of the remaining -Fe
austenite occurred only after 30 min of hold, when a signiﬁ-
cant number of bainitic ferrite layers were formed. Large
quantities of excess carbon remained in the defect-free solid
solution of bainitic ferrite at earlier stages of the bainite
transformation, without diffusing into the retained austenite,
owing to the bainitic ferrite tetragonality. Moreover, the
tetragonality of ferrite could also be a reason for the accom-
modation of higher fractions of carbon in the bainitic ferrite
layer even within prolonged isothermal time.
(2) The formation of individual bainitic ferrite layers led to
the formation of remaining austenite areas enriched with
carbon in the vicinity of newly formed bainitic ferrite layers
and areas with the carbon content of the initial composition in
the areas distant from the bainitic ferrite layer. The develop-
ment of the bainite transformation and formation of the
bainitic ferrite colonies after 600 min hold at 473 K led to a
homogenous carbon redistribution within the remaining
austenite.
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(3) The formation of the bainitic ferrite layers of another
variant was observed at the early stages of the bainite trans-
formation, suggesting the intergranular nucleation of bainitic
ferrite at the bainitic ferrite/austenite interface.
(4) Nucleation of a bainitic ferrite layer occurred through
the shear mechanism. The nano-bainitic layer width after
720 min of isothermal hold was close to the critical size of the
bainitic lath nuclei.
(5) Si may prevent carbide formation at the beginning of the
transformation. However, the prolonged nano-bainitic trans-
formation and the relaxation of its internal substructure leads
to the formation of carbide/clusters speciﬁcally when the time
of transformation is long enough to recover the dislocation
substructure.
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